A degree-of-polarization threshold for orientation behaviour is 15 reported for nocturnal dung beetle Escarabaeus satyrus in the context 16 of measurements showing changes in the degree of polarization of 17 skylight with lunar phase. 18
the first investigation of the degree of linear polarization threshold for 23 orientation behaviour in a nocturnal species, with specific reference to 24 the range of degrees of polarization measured in the night sky. An 25 effect of lunar phase on the degree of polarization of skylight was 26 found, with smaller illuminated fractions of the moon's surface 27 corresponding to lower degrees of polarization in the night sky. We 28 found that South African dung beetle Escarabaeus satyrus 29 (Boheman, 1860) can orient to polarized light for a range of 30 degrees of polarization similar to that observed in diurnal insects, 31 reaching a lower threshold between 0.04 and 0.32, possibly as low as 32 Introduction 37 Many animals use the sun or the moon to orient their movements 38 (Papi & Pardi, 1963; Frisch, 1967; Schmidt-Koenig, 1990 beetles sculpt a dung ball, which they roll away from the dung pat, to 51 a distance where it can then be buried and consumed without 52 interference from other beetles. In order to travel in a straight line, 53 these species use celestial cues as compass references (Dacke 54 3 either an eastward or westward celestial body. When the sun or moon 66 is above or below the horizon, and the observer is aware of whether 67 it is before or after sunset/moonset, this pattern can be interpreted 68 unambiguously. The angle of polarization is the axis along which the 69 greatest proportion of a light beam's electric field strength oscillates, 70 while the degree of (linear) polarization is that beam's intensity in this 71 axis as a proportion of the beam's total intensity. As a result, degree of 72 polarization can be considered a measure of signal strength for an 73 animal using the skylight pattern of angles of polarization as an 74 orientation cue. Relative to the sun or moon's position, this angle-of-75 polarization pattern is similar across a range of conditions (Gál, et al., failure to detect such weakly-polarized skylight could mean failure to 89 orient, which in the worst case would result in returning to the high-90 competition region around the dung pile. 91
It has been suggested that the field cricket Gryllus campestris has 92 adapted a low threshold (degree of linear polarization = 0.05) that 93 permits the detection of the weakly polarized skylight often observed 94 in its natural environment (Labhart, 1996 (Labhart, , 1999 
Methods

139
Polarization Imaging of Skylight 140
Lunar skylight is many orders of magnitude dimmer than its 141 solar equivalent, making it more challenging to measure via To create a single polarization image, 25 photographs were recorded: 175
One set of five photographs with the camera aimed directly at the 176 zenith, and then one set each with the camera aimed at the horizon to 177 the north, east, south and west. Between each image, the polarizer 178 was rotated anti-clockwise (relative to the camera's viewing direction) 179 by 45°, thus recording a set with the transmission axis at 0°, 45°, 90°, 180 135° and 180° to its starting orientation (west-east when the camera 181 faced the zenith and to the camera's right when it faced the horizon). 182
From the raw images, we calculated an estimate of absolute 183 spectral radiance in the blue range of the visual spectrum. Images were 184 then filtered to simulate a 4° half-width Gaussian filter to approximate To ensure that minimally and maximally oriented behaviour were 261 observed, stimuli for which no measurably polarized light reached the 262 animal (DoLP ≈ 0, "unpolarized"; UV irradiance 325-400 nm = 8.5 263
x 10 11 photons cm -2 s -1 ) or in which light was strongly-polarized and of 264 equivalent brightness (DoLP = 0.99; "maximally-polarized"; 265 UV irradiance = 3.4 x 10 11 photons cm -2 s -1 ), were produced ( Fig. 1 B) . 266
Following this, stimuli with degrees of polarization of 0.32, 0.11, 0.04 267 at UV irradiances of 4.5, 9.0, 4.6 x 10 11 photons cm -2 s -1 , respectively, 268 were tested. For each of these experiments, the filter stack was 269 arranged so that it could be inverted and the order of the filters in the 270 light path reversed. As a consequence, when the filter stack was 271 arranged to produce a polarized stimulus, it could be rapidly inverted 272 between trials to produce a degree of polarization of <0.02 (at UV-273 irradiances 9.0, 4.5, 8.9 x 10 11 photons cm -2 s -1 respectively). This 274 9 alternation occurred after every second individual, so that each 275 individual experienced either a "polarized" or "control" condition. 276
Orientation Experiments and Analysis 277
For each experiment, beetles were allowed to roll a dung ball to the 278 edge of a 50 cm diameter circular arena, where its bearing was noted. 279
Once the stimulus had been rotated by 90°, each beetle was then 280 replaced at the centre of the arena and allowed to roll to the edge a 
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Results
319
Skylight Polarization across Lunar Phases 320
We found that gibbous moon skylight (93-98% fullness; Fig. 2 A-B illuminated). We also found that the maximum degree of polarization 326 for other lunar phases was lower, with degree of polarization 327 corresponding to moon fullness (Fig. 2 G) . When the moon was close 328 to the horizon, modal degrees of polarization within 60° of the zenith 329 were 0.43 for an intermediate fullness (two days before last quarter: 330 80% illuminated) and 0.23 for a crescent moon (20% illuminated). 
Polarization of Lunar Skylight 447
On all moonlit nights the highest degree of polarization was measured 448 in a band at approximately 90° from the moon (Fig. 2 dung beetles and other nocturnal and crepuscular arthropods that 508 may orient using polarized lunar skylight. 509
Polarization Sensitivity Thresholds 510
For this study, we expanded the analysis methods used for neuronal 511 recordings in crickets (Labhart, 1996) 
Threshold Analysis 538
In our behavioural experiments, we observed an increase in 539 orientation accuracy as a function of degree of linear polarization, 540 from which we derive our estimate of E. satyrus' 541 polarization threshold. We note, however, that methods for defining a 542 polarization threshold have varied somewhat across the literature. In 543 G. campestris, the threshold for electrophysiological recordings was 544 defined as the point at which firing-rate modulation was above the 545 95% confidence interval for responses to circularly-polarized light 546 (DoLP = 0) and darkness (Labhart, 1996) , whereas for behavioural 547 experiments walking direction modulations were compared non-548 parametrically with the circularly-polarized control. Firing-rate 549 modulation was also calculated for S. gregaria, but the mean vector 550 length derived from these values was instead chosen for comparison 551 with a circularly-polarized control, again identifying a threshold at the 552 condition for which all recordings were outside of the (Gaussian) 95% 553 confidence interval (Pfeiffer et al., 2011). In each case, these 554 definitions avoided implying orientation capacity for conditions where 555 responses to polarized and unpolarized light were at all similar, but 556 did not take trends across the dataset as a whole into account 557 (although regression models were reported: Labhart, 1996; Pfeiffer 558 et al., 2011). In this study we attempt to use this trend to inform our 559 estimate for the point where the responses to polarized and 560 20 unpolarized light diverge. This definition allows us to extrapolate from 561 our data, proposing a minimum degree of polarization at which any 562 facilitation of orientation could occur, which is a form of 'threshold'. 563
Nevertheless, definitions based on confidence intervals, either 564 explicitly or through statistical null-hypothesis testing (including the 565 Prentice test and Mann-Whitney rank sum tests reported here), are 566 liable to change with increasing sample size. A particular hindrance 567 for this dataset was that, since only two trials were carried out per 568 individuals, uncertainty in orientation precision at the individual level 569 was high, resulting in broad credible intervals for the fitted model 570 
